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ABSTRACT
We used high-spatial resolution (70 pc; 0′′.3) CO multi-transition (J=1–0, 2–1, 4–3, and 6–5) ALMA data to study the physical
conditions and kinematics of the cold molecular outflow in the local luminous infrared galaxy (LIRG) ESO 320-G030 (d=48 Mpc,
LIR/L = 1011.3). ESO 320-G030 is a double-barred isolated spiral, but its compact and obscured nuclear starburst (SFR∼15 M yr−1;
AV ∼40 mag) resembles those of ultra-luminous infrared galaxies (LIR/L > 1012). In the outflow, the CO(1–0)/CO(2–1) ratio is
enhanced with respect to the rest of the galaxy and the CO(4–3) transition is undetected. This indicates that the outflowing molecular
gas is less excited than the molecular gas in the nuclear starburst (i.e., outflow launching site) and in the galaxy disk. Non-local
thermodynamic equilibrium radiative transfer modeling reveals that the properties of the molecular clouds in the outflow differ from
those of the nuclear and disk clouds: The kinetic temperature is lower (Tkin ∼ 9 K) in the outflow, and the outflowing clouds have lower
column densities. Assuming a 10−4 CO abundance, the large internal velocity gradients, 60+250−45 km s
−1 pc−1, imply that the outflowing
molecular clouds are not bound by self-gravity. All this suggests that the life-cycle (formation, collapse, dissipation) of the galaxy
disk molecular clouds might differ from that of the outflowing molecular clouds which might not be able to form stars. The low kinetic
temperature of the molecular outflow remains constant at radial distances between 0.3 and 1.7 kpc. This indicates that the heating by
the hotter ionized outflow phase is not efficient and may favor the survival of the molecular gas phase in the outflow. The spatially
resolved velocity structure of the outflow shows a 0.8 km s−1 pc−1 velocity gradient between 190 pc and 560 pc and then a constant
maximum outflow velocity of about 700–800 km s−1 up to 1.7 kpc. This could be compatible with a pure gravitational evolution of the
outflow, which would require coupled variations of the mass outflow rate and the outflow launching velocity distribution. Alternatively,
a combination of ram pressure acceleration and cloud evaporation could explain the observed kinematics and the total size of the cold
molecular phase of the outflow.
Key words. galaxies: ISM – galaxies: nuclei – infrared: galaxies – ISM: molecules
1. Introduction
Galaxy-scale massive gas outflows play a key role in the reg-
ulation and suppression of star-formation in galaxies according
to numerical galaxy-formation simulations. These gas outflows
are the result of energetic processes (e.g., strong radiation pres-
sure, radio jets, supernovae, stellar winds) associated with active
galactic nuclei (AGN) and starbursts (e.g., Hopkins et al. 2014;
Schaye et al. 2015; Dubois et al. 2016; Davé et al. 2019; Nelson
et al. 2019; Mitchell et al. 2020).
Observationally, outflows are ubiquitous in active galaxies
(e.g., Fiore et al. 2017; Rupke 2018; Veilleux et al. 2020) and
present a multiphase structure with atomic ionized and neutral
gas (e.g., Perna et al. 2017; Rodríguez del Pino et al. 2019) as
well as cold, warm, and hot molecular gas (e.g., Spoon et al.
2013; Hill & Zakamska 2014; Emonts et al. 2017; Fluetsch et al.
2019). However, the cold molecular phase is typically the most
massive (e.g., Fiore et al. 2017; Spence et al. 2018).
In this paper, we focus on the cold (T < 100 K) molecular
phase of the outflows, which can be traced by the low-J CO tran-
sitions. CO outflows have been observed in numerous local AGN
(e.g., Combes et al. 2013; García-Burillo et al. 2014; Dasyra
et al. 2014; Morganti et al. 2015; Alonso-Herrero et al. 2018,
2019; Fernández-Ontiveros et al. 2020) and starbursts (e.g., Wal-
ter et al. 2002; Bolatto et al. 2013; Pereira-Santaella et al. 2016;
Krieger et al. 2019). In addition, high-velocity CO outflows are
detected in local ultra-luminous infrared (IR) galaxies (ULIRGs;
LIR/L > 1012), where compact and obscured starbursts, some-
times together with an AGN, power strong molecular outflows
with mass outflow rates comparable to the star-formation rate of
the host object (e.g., Feruglio et al. 2010; Cicone et al. 2014;
Pereira-Santaella et al. 2018; Barcos-Muñoz et al. 2018; Lutz
et al. 2020). However, most of these studies only observe one
CO transition, and the molecular outflow is not always fully
spatially resolved. Therefore, some properties of the molecular
gas evolution within the outflow (e.g., destruction and formation
timescales, acceleration, thermal evolution), which are important
to interpreting local and high-z unresolved outflow observations,
are not well constrained. To investigate this, we obtained high-
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Table 1: Summary of the ALMA observations
Band Beam Channel Sensitivitya CO transition Project
FWHM (km s−1) (mJy beam−1)
3 0′′.37×0′′.30 5.1 0.87 1–0 2016.1.00263.S
6 0′′.30×0′′.24 5.1 0.98 2–1 2013.1.00271.S
8 0′′.28×0′′.27 5.1 4.2 4–3 2016.1.00263.S
9 0′′.20×0′′.18 21 7.6 6–5 2016.1.00263.S
Notes. (a) 1σ sensitivity per spectral channel.
spatial resolution (70 pc; 0′′.3) CO multi-transition (1–0, 2–1, 4–
3, and 6–5) ALMA observations of the local luminous IR galaxy
(LIRG) ESO 320-G030 (d = 48 Mpc; LIR/L = 1011.3).
ESO 320-G030 (or IRAS F11506-3851) is an isolated
double-barred spiral with an ordered gas velocity field (Belloc-
chi et al. 2013, 2016; Pereira-Santaella et al. 2016) known to
host a fast and massive multiphase outflow; its atomic neutral
(Cazzoli et al. 2014), atomic ionized (Arribas et al. 2014), and
molecular (Pereira-Santaella et al. 2016) phases have already
been studied. This outflow originates at the nucleus and its ori-
entation is approximately perpendicular to the stellar disk. The
nuclear region (central ∼250 pc) hosts a strong obscured star-
burst (nuclear SFR∼15 M yr−1; AV ∼40 mag), which produces
half of the total IR luminosity. There is no evidence for a bright
AGN based on mid-IR and X-ray observations (Pereira-Santaella
et al. 2010, 2011; Alonso-Herrero et al. 2012), although the mod-
eling of the far-IR molecular absorptions is compatible with a
low-luminosity (< 10% of the total LIR) and heavily embed-
ded (NH > 7 × 1024 cm−2) AGN (González-Alfonso et al. 2020
submitted). The energy and momentum of the observed outflow
can be explained by the compact nuclear starburst (see Pereira-
Santaella et al. 2016). The nuclear molecular gas surface density
is very high: ΣH2 = 10
4.4 M pc−2. It is comparable to the ΣH2 ob-
served in more extreme ULIRGs (e.g., Wilson et al. 2019), about
200 times higher than the values observed in nearby disk galax-
ies (e.g., Bigiel et al. 2011), and ∼10 times higher than in local
Seyfert galaxies (e.g., Alonso-Herrero et al. 2020). Therefore,
this object allows us to carry out a detailed study of the properties
of outflows produced in compact and obscured nuclear regions
similar to those of more distant starburst-dominated ULIRGs.
We organize this paper as follows. In Section 2, we present
the ALMA observations and data reduction. Section 3 describes
how the spatially resolved CO spectral line energy distributions
(SLEDs) are obtained and how they are modeled using non-local
thermodynamic equilibrium (non-LTE) radiative transfer mod-
els. In Section 4, we discuss the thermal and dynamic evolution
of the outflow cold molecular phase. Finally, in Section 5, the
main findings of this paper are summarized.
2. ALMA data reduction
We observed the 1–0, 2–1, 4–3, and 6–5 CO transitions with
the ALMA 12-m array (Bands 3, 6, 8, and 9, respectively) in
the galaxy ESO 320-G030. These observations were obtained
through 2 programs: Bands 3, 8, and 9 from 2016.1.00263.S (PI:
M. Pereira-Santaella) and Band 6 from 2013.1.00271.S (PI: L.
Colina). The Band 6 CO(2–1) data have been already analyzed
by Pereira-Santaella et al. (2016), and the first detection in space
of the H2O 448 GHz transition (Band 8 data) was presented in
Pereira-Santaella et al. (2017).
Two 12-m array configurations, compact and extended, were
considered to obtain the same angular resolution (∼0′′.30; 70 pc)
and maximum recoverable scale (3′′; 700 pc) for all the CO tran-
sitions, except for the higher frequency Band 9 data for which
only the extended configuration was used. The Band 9 ALMA
Compact Array observation was scheduled but it did not pass
the quality assurance and was not combined with the 12-m array
data. The Band 3 and 6 observations were single pointing cen-
tered at the nucleus of ESO 320-G030. To cover the central ∼10′′
of the target for all the CO transitions, the Band 8 and 9 obser-
vations required three and five pointing mosaics, respectively.
Four spectral windows of 1.875 GHz were defined for all the
Bands centered on various molecular transitions and continuum.
In this paper, we focus on the spectral windows centered on the
CO transitions: CO(1–0) 115.271 GHz, CO(2–1) 230.538 GHz,
CO(4–3) 461.041 GHz, and CO(6–5) 691.473 GHz, which have
spectral channels of ∼1–3 km s−1.
We calibrated the data using CASA (v5.4). For the bands
with two array configurations (all except Band 9), we verified
that the amplitudes for the baselines in common for both config-
urations were in good agreement. The continuum was subtracted
in the uv plane by fitting a constant value using the line-free
channels. The data were then cleaned using the tclean CASA
task and the Brigss weighting (Briggs 1995) with a robustness
parameter of 0.5. The final cleaned cubes have 5 km s−1 channels
(except the Band 9 that has 21 km s−1 channels) and 0′′.06 (0′′.04
for Band 9) pixels, which properly sample the beam. These cubes
were corrected for the primary beam patterns. The recovered
beams and sensitivities are indicated in Table 1.
We assumed the nominal ALMA absolute flux accuracy in
Cycle 4 for our data. That is, 5% for Band 3, CO(1–0), 10%
for Band 6, CO(2–1), and 20% for Bands 8 and 9, CO(4–3) and
CO(6–5).
2.1. HNCO emission subtraction
In the Band 8 spectrum of ESO 320-G030, we detected an
emission line coincident with the CO(4–3) blue wing centered
at −270 km s−1 with respect to the CO(4–3) systemic veloc-
ity (see Figure 1 right panel). This line is only detected in the
nuclear region (r <0′′.3). Since we are interested in the high-
velocity outflow emission in the CO line wings, we subtracted
the emission of this transition. We identified this transition as
HNCO 210,21 − 200,20 461.450 GHz based on its observed fre-
quency and also on the detection of the HNCO 211,21 − 201,20
459.755 GHz transition in another Band 8 spectral window (Fig-
ure 1 left panel). Both HNCO transitions show a rotation pat-
tern compatible with that observed in CO. To subtract the HNCO
210,21 − 200,20 emission, we first created a model of the HNCO
211,21 − 201,20 emission by fitting a 2D Gaussian to the image
of each spectral channel. Then, we scaled this model to match
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Fig. 1: ALMA Band 8 nuclear spectrum of ESO 320-G030
(r =0′′.3). Each panel shows one of the spectral windows where
two HNCO transitions and CO(4–3) are detected (see Sec-
tion 2.1). We note that part of the blue wing of the HNCO
211,21 − 201,20 transition (left panel) is not covered by the ob-
served spectral window. The vertical dashed lines mark the ex-
pected frequency of the HNCO and CO transitions based on the
systemic velocity. The green histogram in the right panel shows
the nuclear CO(4–3) spectrum after subtracting the HNCO emis-
sion.
the flux of the HNCO 210,21 − 200,20 transition. Finally, we sub-
tracted the scaled HNCO model to the CO(4–3) cube. By do-
ing this, most of the HNCO emission is removed leaving only
small residuals (see Figure 1 right). However, we note that the
high-velocity blue-shifted nuclear CO(4–3) emission might be
affected by these HNCO residuals, so we increased the uncer-
tainties of these channels by the standard deviation of the resid-
uals.
2.2. Beam matching
The CO(1–0) data have a slightly worse beam than the other tran-
sitions (see Table 1). Therefore, we degraded the angular reso-
lution of the other CO data cubes to match the resolution of the
CO(1–0). To do so, we used the imsmooth CASA task to obtain
cubes with a 0′′.37×0′′.30 (85 pc×70 pc) beam. In the following
sections, we analyze these beam matched CO data cubes.
3. Data analysis
3.1. High-velocity gas morphology
A spatially resolved (deprojected r ∼1.3 kpc) high-velocity (up
to 750 km s−1 corrected for inclination) molecular outflow has
been detected in ESO 320-G030 (see Pereira-Santaella et al.
2016). The cold molecular phase is traced by the CO(2–1)
230 GHz transition and the hot molecular gas by the near-IR H2
1–0 S(1) 2.12 µm transition. This outflow is approximately per-
pendicular to the galaxy disk and it originates within the central
∼250 pc due to an intense (SFR∼15 M yr−1) and heavily ob-
scured nuclear starburst.
In this section, we present new ALMA observations of the
cold molecular gas traced by the CO transitions 1–0, 4–3, and
6–5. We combine the new data with the CO(2–1) observations
already published by Pereira-Santaella et al. (2016). In Figure 2,
we present the integrated flux maps for the four CO transitions.
These maps show the secondary nuclear bar and the internal spi-
ral structure. These nuclear bar and spiral arms are located within
the large scale primary bar (9 kpc semi-major axis; see Pereira-
Santaella et al. 2016 for more details).
Figures 3 and 4 show the channel maps of the blue- and red-
shifted emissions (observed ±400, ±300, and ±200 km s−1) with
respect to the systemic velocity (vradio =3049 km s−1; Pereira-
Santaella et al. 2017). In the lowest velocity maps (±200 km s−1),
the disk emission is clearly detected in the lower-J CO transi-
tions (1–0, 2–1, and 4–3), but not in CO(6–5). At these veloci-
ties, the CO(6–5) is only detected in the central ∼250 pc.
The outflow emission is detected in the higher velocity pan-
els (|v| > 200 km s−1) approximately along the kinematic minor
axis (solid line). This orientation of the high-velocity gas is com-
patible with an outflow perpendicular to the galaxy disk. The ex-
tended (r up to 5′′) high-velocity outflow emission is detected
through the CO(2–1) and CO(1–0) transitions. In contrast, no
large-scale high-velocity CO(4–3) and CO(6–5) emissions are
detected.
3.2. Spatially resolved outflow CO SLED
To obtain the spatially resolved CO spectral line energy distribu-
tion (SLED) of the outflow, we first defined the outflow region as
a biconical structure projected on the plane of the sky (marked by
dashed lines in Figures 3 and 4) which encompasses the emission
of the high-velocity molecular gas. The opening angle of the out-
flow region is 65◦ and its central PA is 22◦ (east of north). This
PA differs by ∼20◦ from the kinematic minor axis and suggests
some deviation from an orientation perfectly perpendicular to
the disk. In this section, all the velocities and distances referred
to the outflow are line of sight velocities and distances projected
on the sky. The inclination of ESO 320-G030 is 43±2◦ relative to
the plane of the sky (Pereira-Santaella et al. 2016), so, assuming
an orientation perpendicular to the disk, the velocities and dis-
tances should be multiplied by 1/ cos i ∼ 1.4 and 1/ sin i ∼ 1.5,
respectively, to obtain the actual outflow values.
Then, we constructed contiguous annulus sectors with a
width of ∼1′′.1, which corresponds to 3 times the beam FWHM
(∼250 pc). The innermost sector starts at the galaxy nucleus and
the most external one reaches the more distant position where
high-velocity gas is detected (1.3 and 1.1 kpc for the blue- and
red-shifted emission, respectively). In total, we defined 6 annu-
lus sectors for the blue-shifted outflow emission and 5 sectors
for the red-shifted outflow emission (see top panels of Figures 5
and 6).
Within these annulus sectors, we measured the CO emission
in nonoverlapping circular regions with a diameter of 0′′.35 (i.e.,
approximately the beam FWHM). The spectra of four charac-
teristic regions are shown in the bottom panels of Figures 5 and
6.
To identify the high-velocity gas, we first determined the
line-of-sight velocity of the galaxy disk molecular gas at each
position. To do so, we used the CO(2–1) kinematic model de-
scribed in Pereira-Santaella et al. (2016). This model consists
of a thin rotating disk with the azimuthal velocity varying as a
function of the radius (i.e., rotation curve) and no velocity in the
radial or perpendicular to the disk directions. The rotation curve
(Figure 5 of Pereira-Santaella et al. 2016) is obtained by fitting
the observed CO(2–1) velocity field.
Pereira-Santaella et al. (2016) derived the CO(2–1) veloc-
ity field in the central 12′′(∼3 kpc) by fitting a single Gaussian
model to the CO emission profiles. However, they excluded the
nuclear CO emission (r<1′′; <230 pc) since it shows a more
complex profile that is not well reproduced by a single Gaussian.
To measure the high-velocity gas in the nuclear region, we need
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Fig. 2: CO 1–0, 2–1, 4–3, and 6–5 line emission maps (zero moment maps) of ESO 320-G030. The emission is dominated by the
nuclear regions, so we saturated the color scale at 10% of the emission peak to reveal the secondary bar and the internal spiral arms.
The black contour levels are 0.02, 0.05, 0.1, 0.2, 0.5, 0.9 times the emission peak in each map (13.8, 61, 182, 242 Jy km s−1 beam−1
for the 1–0, 2–1, 4–3, and 6–5 panels, respectively). The pink ellipse in the first panel represents the beam size (0′′.37×0′′.30; PA
−32◦), which is common for the 4 panels (see Section 2.2). The physical scale at the distance of this galaxy is indicated in the first
panel. The gray lines in the CO(4–3) and CO(6–5) panels indicate the shape of the primary beam. For the CO(1–0) and CO(2–1)
panels, the primary beam is larger than the field of view presented in this figure.
to expand the velocity field to include the nucleus too. There-
fore, we used a two-Gaussian model to reproduce the nuclear
profiles (see spectra of regions 1 and 3 in Figures 5 and 6). With
this two-Gaussian model, we were able to account for most of
the emission in the central region of ESO 320-G030. One com-
ponent corresponds to molecular gas with inward radial veloc-
ities associated with the nuclear secondary bar; and the second
component to a nuclear rotating molecular disk. A more detailed
physical interpretation of these two components is presented in
another work (González-Alfonso et al. 2020 submitted).
From the kinematic model, we obtained the velocity, vdisk,
and velocity dispersion, σdisk, of the molecular gas in the disk of
the galaxy at each position. To determine the velocity range of
the high-velocity CO(2–1) emission, we used the vdisk and σdisk
in each aperture. This high-velocity range starts at vdisk + 3σdisk,
and at vdisk − 3σdisk for the red- and blue-shifted sides, respec-
tively. Then, we extended the high-velocity range until the flux
of the channels, when convolved to a resolution of half the width
of the range, was below the detection limit (see the blue- and
red-shaded areas in the bottom panels of Figures 5 and 6). We
measured the high-velocity CO emission for all the transitions
using the velocity range defined from the CO(2–1) profile, which
has the higher signal-to-noise ratio.
This method works well for regions far from the nucleus (re-
gions 2 and 4 in Figures 5 and 6, respectively) but, close to the
nucleus, the high-velocity emission is likely underestimated and
should be considered as a lower limit. This is because the nu-
clear CO line profile is very broad (FWHM∼250 km s−1) and
the emission from outflowing gas at relatively low velocities
(∼200 km s−1), which is clearly detected at larger radii is blended
with the nuclear profile. However, we are interested in the ra-
dial variations of the CO SLED. Assuming that the SLED does
not depend on the velocity of the gas within a given sector, we
can use the fluxes measured in the inner sector to derive the CO
SLED even if they do not account for the lowest velocity out-
flowing gas.
3.3. Nuclear, disk, and outflow CO SLED comparison
We also measured the CO SLED of the nucleus using a
r ∼1′′(230 pc) aperture. For the disk, we estimated the average
CO SLED produced in giant molecular clouds (GMCs). To do
so, we defined 126 nonoverlapping regions in the disk, with ra-
dius of about 0′′.3 (70 pc), from the emission peaks detected at
>3σ in the CO(2–1) moment 0 map (second panel of Figure 2).
Then, we normalized the SLED to the CO(2–1) flux and calcu-
lated the mean value for each transition to obtain the average CO
SLED. We followed the same procedure to calculate the average
SLED for the each of the outflow sectors defined in Section 3.2
(see also Figures 5 and 6).
The total measured CO fluxes in the nucleus, the disk GMCs,
and the outflow annular sectors, are presented in Table 2. The
normalized SLEDs are plotted in Figure 7 and listed in Table 3.
In this figure, we only consider 2 average SLEDs for the outflow-
ing gas for radial distances lower and greater than ∼250 pc. This
is done to distinguish between the outer outflow regions, where
the CO(4–3) transition is undetected, and the innermost annular
sector of the outflow, where the CO(4–3) transition is detected
but its flux is uncertain due to broad nuclear emission profile (see
Figures 5 and 6). Figure 7 shows that the CO in the nucleus is
more excited than in the disk and the outflow. The CO(6–5) tran-
sition is only detected in the nucleus (nuclear CO(6–5)/CO(2–1)
ratio equals to 2.7±0.6) while the CO(6–5) upper limits in the
disk and outflow indicate CO(6–5)/CO(2–1) ratios lower than
1.4–0.8. Similarly, the nuclear CO(4–3)/CO(2–1) ratio (2.9±0.7)
is higher than the disk (1.8±0.5) and outer outflow (< 0.6) ratios.
Finally, the nuclear CO(1–0)/CO(2–1) ratio is slightly lower than
the ratio measured in the disk and outflow, which is consistent
with the enhanced excitation of the nuclear molecular gas too.
This comparison also shows that the excitation of molecular
gas in the outer outflow is reduced with respect to that of the
nucleus and the disk GMCs. For instance, the CO(4–3)/CO(2–1)
upper limit for the outer outflow is <0.8, while in the disk the
average CO(4–3)/CO(2–1) ratio is 1.8±0.5. This lower excita-
tion in the outer outflow with respect to the disk is evident in the
spectra of regions 2 and 4 shown in Figures 5 and 6, respectively,
where the CO(4–3) narrow disk component (i.e., GMC emis-
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Fig. 3: Channel maps of the CO 1–0, 2–1, 4–3, and 6–5 transitions (from left to right) centered at observed velocities blue-shifted
with respect to systemic by −400, −300, and −200 km s−1 (from top to bottom). The channel width is 100 km s−1. The contour levels
are 3, 4, 6, 9, 13 times the σ of each channel map (0.2, 0.2, 0.9, 4.4 mJy beam−1). The color scale is saturated at 9σ to highlight
emission at high velocities associated with the outflow. The solid black line is kinematic minor axis (PA=43◦) derived from the
kinematic model (Pereira-Santaella et al. 2016). The dashed lines delimit the area where the high-velocity molecular outflow is
detected (PAs from -10◦to 53◦). The black cross marks the position of the nucleus derived from the ALMA continuum emission
(see Pereira-Santaella et al. 2017). The physical scale at the distance of this galaxy is indicated in the lower left panel.
sion) is clearly detected but the high-velocity CO(4–3) emission
is below the detection limit. This confirms the lower excitation
of the outflowing molecular gas compared to that of the molecu-
lar gas in the nuclear region where the outflow originates. Only
the most central (rproj < 250 pc) outflowing gas seems to have
a CO(4–3)/CO(2–1) ratio compatible with that measured in the
nucleus. Although the upper limit for the CO(6–5)/CO(2–1) ra-
tio (<1.0) in this inner outflow is well below the ratio observed
in the nucleus (3.9±0.9). However, we note that the comparison
between the innermost outflow region and nuclear emission is
uncertain since the broad nuclear CO profiles might contaminate
the outflow flux measurement (see Section 3.2 and Figures 5 and
6).
3.4. Non-LTE CO radiative transfer models
To analyze the CO SLEDs, we generated a grid of non-LTE ra-
diative transfer models using the RADEX software (van der Tak
et al. 2007). RADEX uses the escape probability approximation
to solve the radiative transfer equations and the molecular level
populations, and then it calculates the intensities of the emission
lines and their optical depths (τ).
The RADEX physical input parameters are the kinetic tem-
perature (Tkin), the H2 number density (nH2 ), and the ratio be-
tween the CO column density and the line width (NCO/∆v). We
include collisions with ortho- and para-H2 using the Yang et al.
(2010) collisional coefficients and assuming the LTE H2 ortho-
to-para ratio, which varies between 0 for low temperature and 3
for Tkin >200 K.
In our grid, we cover a wide range for these parameters but
we also try to limit the number of models which produce the
same line ratios (e.g., gas in LTE due to a high number density or
very optically thick transitions) to avoid biasing the subsequent
the Bayesian inference. We consider Tkin between 3 and 400 K,
nH2 between 10
2 and 105 cm−3, and NCO/∆v from 1015 to 1020
cm−2/km s−1. The grid consists of 40 steps for each parameter in
log space and, therefore, a total of 64000 models. The tempera-
ture range is comparable to the upper levels energies of the CO
transitions discussed in this paper (from 5 to 115 K). For the H2
number density, the upper end of the range is set by the critical
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Fig. 4: Same as Figure 3 but for the red-shifted emission, +200, +300, and +400 km s−1 (from top to bottom) with respect to systemic
velocity.
Table 2: CO fluxes
Region Areaa CO(1–0) CO(2–1) CO(4–3) CO(6–5)
(arcsec2) (Jy km s−1)
Nucleusb 4.4 81.7 ± 0.4 340.5 ± 1.9 970 ± 190 900 ± 180
Disk GMCs 39 78.7 ± 0.4 307.3 ± 1.5 538 ± 3.3 <430
(mJy km s−1)
B130* 0.70 28 ± 6 116 ± 11 411 ± 82 <36
B380 1.13 50 ± 13 211 ± 21 <53 <69
B630 3.24 306 ± 30 1060 ± 100 <140 <240
B890 3.24 252 ± 33 956 ± 95 <170 <290
B1130 2.26 163 ± 88 370 ± 110 <350 <500
B1370 1.83 <150 235 ± 73 <180 <330
R130* 0.85 89 ± 8 166 ± 16 223 ± 44 <53
R380 1.69 271 ± 27 671 ± 67 <111 <140
R630 2.96 369 ± 36 1070 ± 110 <190 <240
R890 3.39 258 ± 27 991 ± 99 <190 <240
R1130 1.41 <150 156 ± 50 <200 <260
Notes. The “B” and “R” regions correspond to the outflow annular sectors defined in Section 3.2 and shown in Figures 5 and 6, where the number
following the letter “B” or “R” indicates the projected distance to the nucleus in pc. The quoted errors include the statistical uncertainty, but not
the flux accuracy uncertainties, which are 5% for CO(1–0), 10% CO(2–1), and 20% CO(4–3) and CO(6–5). (a) Total area where the CO emission
is measured corrected for the inclination of the galaxy (i.e., observed area divided by cos 43◦ for the nucleus and the GMCs and by sin 43◦ for
the outflow). (b) The nuclear fluxes are measured within a circular aperture of 2′′.5 (580 pc) diameter. (*) The CO outflow emission in the annulus
sectors closer to the nucleus should be considered as a lower limit since the outflow is likely blended with the broad nuclear CO emission (see
Section 3.2).
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Fig. 5: Top panels: high-velocity blue-shifted CO(2–1) channel maps (vlos from −450 to −200 km s−1 as indicated at the top right
corner of each map). The black solid line is the kinematic minor axis of the galaxy and the radial dashed lines mark the angular extent
of the outflow emission (see Figure 3). The dashed arcs delimit the annular sectors used to measure the resolved outflow CO SLEDs.
The B130 to B1130 labels indicate the projected separation in parsec between the nucleus and the centers of the annulus sectors.
Bottom panels: CO(1–0), CO(2–1), CO(4–3), and CO(6–5) integrated spectra of two regions as an example (see Section 3.2). The
location of these two regions is marked in the top maps with a circled number in the B130 and B890 sectors. The spectra are scaled
by the factors at the upper right corner of each panel. The dashed green vertical lines mark the disk rotation velocity derived from
the kinematic model at each position (Section 3.2). The red line in the CO(2–1) panel is the best fitting one- or two-Gaussian model.
The blue shaded area indicates the spectral channels that are used to measure the high-velocity CO molecular emission. The dotted
black line is the 1σ noise level measured in each channel.
Article number, page 7 of 17
A&A proofs: manuscript no. alma_eso320_co
200
3
4
R130
R380
R630
R890
250
250 pc
3
4
R130
R380
R630
R890
300
3
4
R130
R380
R630
R890
350
3
4
R130
R380
R630
R890
0 -1 -2 -3 -4
0
-1
-2
-3
-4
RA [arcsec]
D
ec
 [a
rc
se
c]
400
3
4
R130
R380
R630
R890
450
3
4
R130
R380
R630
R890
0
2
4
f [
m
Jy
]
1-03 x42-1 x84-3 x86-5
500 0 500
v [km s 1]
0.0
2.5
5.0
7.5
f [
m
Jy
]
4 x4 x8 x6
Fig. 6: Same as Figure 5 but for the red-shifted side of the outflow. The location of the two regions whose spectra are shown in the
bottom panels is marked in the top maps with a circled number in the R130 and R890 sectors.
density of these transitions. When the H2 density is above the
critical density (103.5–105.5 cm−3 for these transitions), the level
populations are thermalized (i.e, LTE) and the modeled emission
line ratios are not sensitive to density variations. The CO column
density range is such that it covers from optically thin emission
(τ 1) to optically thick (τ ∼10–100). Therefore, beyond this
range, it becomes impossible to use these CO line ratios to esti-
mate the column density.
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Fig. 7: CO SLEDs normalized to the flux of the CO(2–1) transition. The nuclear SLED corresponds to the central 100 pc
(diameter=0′′.4). The Disk GMC panel shows the average CO SLED of the gas in the disk and the two outflow panels show the
average SLEDs for the inner annulus sector (distance < 250 pc) and the rest of sectors, respectively (see Figures 5 and 6). The
uncertainties include both flux uncertainties and the spatial variations of the SLED within each region.
Table 3: Normalized CO SLEDs
Region CO(1–0) CO(2–1) CO(4–3) CO(6–5)
Nucleus 0.24 ± 0.03 1.0 ± 0.1 2.9 ± 0.7 2.7 ± 0.6
Disk GMC 0.26 ± 0.05 1.0 ± 0.1 1.8 ± 0.5 < 1.4
Outflow (d < 250 pc) 0.39 ± 0.15 1.0 ± 0.1 2.4 ± 1.0 < 1.0
Outflow (d > 250 pc) 0.30 ± 0.10 1.0 ± 0.1 < 0.6 < 0.8
Notes. The CO SLEDs are normalized to the CO(2–1) flux. The ratios are calculated from the fluxes in Jy km s−1. The quoted uncertainties include
flux uncertainties and the standard deviation of the spatial variations within each region.
Table 4: Bayesian inference results
Region Tkin log nH2 log NCO/∆v log P log τ10 log ΦNCO log Φ∆v log ΦR
ZCO
10−4 log ∆v/r
10−4
ZCO
(K) (cm−3) (cm−2/km s−1) (K cm−3) (cm−2) (km s−1) (pc) (km s−1 pc−1)
Nucleus 37.6+119−21.4 3.0
+1.1
−0.7 17.7
+1.1
−0.7 4.8
+0.8
−0.9 1.5
+1.8
−1.4 18.5
+1.5
−0.7 0.7
+0.4
−0.2 0.7
+1.4
−1.3 0.0
+1.3
−1.3
Disk GMC 15.4+60−6.8 3.0
+1.1
−0.7 17.4
+1.4
−0.9 4.4
+0.9
−0.9 2.0
+1.8
−2.1 17.5
+1.8
−1.0 0.3
+0.3
−0.3 −0.3+1.7−1.4 0.5+1.5−1.5
〈Outflow〉a 9.4 ± 1.2 3.3 ± 0.2 16.2 ± 0.4 4.1 ± 0.4 0.5 ± 1.1 15.4 ± 0.4 −0.6 ± 0.2 −2.6 ± 0.7 1.8 ± 0.7
B130 15.6+28−6.2 3.3
+1.1
−0.9 17.5
+1.2
−1.1 4.4
+1.1
−0.9 1.8
+1.7
−2.4 16.0
+1.5
−1.2 −1.5+0.3−0.3 −2.1+1.8−1.8 0.5+1.8−1.7
B380 11.2+23−5.0 3.3
+1.0
−0.8 16.0
+1.3
−0.8 4.3
+0.8
−1.1 −0.2+2.2−0.8 15.0+1.4−0.5 −0.8+0.4−0.4 −3.1+2.0−1.1 2.1+1.3−2.0
B630 9.8+10−2.9 3.4
+0.9
−0.9 15.8
+1.3
−0.6 4.5
+0.7
−1.2 −0.2+1.5−0.7 15.2+1.1−0.4 −0.6+0.4−0.3 −3.2+2.0−0.9 2.5+1.1−2.3
B890 11.1+14−3.7 3.5
+0.9
−0.8 15.7
+1.3
−0.6 4.6
+0.6
−1.2 −0.4+1.4−0.6 15.0+1.0−0.4 −0.7+0.4−0.3 −3.3+1.9−0.9 2.7+1.0−2.1
B1130 8.9+40−4.9 3.1
+1.2
−0.8 16.7
+1.9
−1.2 3.9
+1.1
−0.9 2.1
+2.2
−2.7 15.7
+2.3
−1.0 −0.4+0.6−0.7 −2.0+1.9−1.5 1.2+1.5−1.8
B1370 8.5+38−4.5 3.1
+1.2
−0.8 16.6
+1.9
−1.2 3.9
+1.1
−0.9 2.0
+2.3
−2.6 15.6
+2.3
−1.0 −0.5+0.6−0.7 −2.1+1.9−1.5 1.2+1.5−1.7
R130 5.6+3.4−1.4 3.8
+0.8
−1.4 18.9
+0.8
−1.8 4.4
+1.0
−1.1 4.2
+0.5
−1.1 18.3
+1.0
−2.2 −0.5+0.5−0.4 −0.5+1.4−1.5 −0.1+1.4−1.4
R380 5.9+12−1.8 3.1
+1.1
−0.8 16.7
+1.3
−1.0 3.6
+1.0
−0.7 1.9
+1.9
−1.8 16.3
+1.7
−1.0 −0.2+0.4−0.4 −1.7+1.9−1.4 1.2+1.5−1.7
R630 7.9+14−2.6 3.1
+1.1
−0.8 16.5
+1.1
−1.0 3.8
+1.0
−0.8 1.0
+1.6
−1.4 15.8
+1.3
−0.7 −0.5+0.3−0.3 −2.2+1.8−1.2 1.5+1.5−1.8
R890 12.1+16−4.1 3.5
+0.9
−0.7 15.6
+1.1
−0.5 4.8
+0.6
−1.1 −0.5+0.8−0.5 14.9+0.8−0.3 −0.7+0.4−0.4 −3.5+1.3−0.8 2.8+1.0−1.6
R1130 9.5+42−5.4 3.1
+1.2
−0.8 16.7
+1.9
−1.2 3.9
+1.2
−0.9 2.1
+2.2
−2.6 15.6
+2.2
−1.0 −0.5+0.6−0.8 −2.2+1.9−1.6 1.1+1.5−1.8
Notes. The quoted errors correspond to the ±1σ range from the Bayesian inference. (a) Average values calculated for the outflowing gas at radial
distances from the nucleus > 250 pc (i.e., excluding the B130 and R130 annulus sectors; see also Figure 9).
3.5. Bayesian CO SLED parameter inference
We used the models described in the previous section to in-
vestigate the physical conditions of the molecular gas from the
CO SLEDs (Section 3.3). For each CO SLED, we calculated
the χ2 for the 64000 models and assigned a probability to each
model proportional to exp(−χ2/2). To take into account the
upper limits of the SLEDs, we multiplied this probability by
1 + erf((L − M)/(√2 L)), where L is the 1σ upper limit and M
the prediction of the RADEX model (see e.g., Appendix B of
Pereira-Santaella et al. 2015). This is equivalent to assuming a
uniform prior for the probabilities of the model parameters in
their given ranges. Then, from these probabilities, we estimated
the marginalized probability density function for the model pa-
rameters. In addition, we calculated the probability densities for
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Fig. 8: Row show the best fitting CO SLEDs models and the probability density distributions of the model parameters (Tkin, nH2 ,
and NCO/∆v) for the nucleus, the average disk GMC, and four annulus sectors of the blue- and red-shifted outflow emission (B130,
B630, R130, and R630). The left panels show the normalized CO SLED (black points and upper limits) and the best fitting SLED
(color solid line) and its 1σ dispersion (color shaded area). The other panels show the probability density distributions. The vertical
solid line marks the median value and the dashed lines the ±1σ range. We do not show the median and ±1σ range in the nH2 panel
because it is not well constrained by these observations. These distributions are obtained assuming a uniform prior for the three
parameters.
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Fig. 9: Radial dependence of the parameters (kinetic temperature Tkin, number density nH2 , ratio between the CO column density
and the line width NCO/∆v, pressure P, optical depth of the CO(1–0) transition τ10, angular area filling factor Φ times NCO, ∆v,
and the radius of the cloud R, and the ∆v/R ratio) derived from the radiative transfer modeling (Section 3.4 and Table 4). The red
and blue points correspond to the red- and blue-shifted sides of the outflow. The dashed black line is the average outflow value
for rproj > 250 pc. The green (orange) shaded range and the dashed green (orange) line are the 1σ range and average value for the
nucleus (disk GMC). The dashed black line corresponds to the average value in the outflow for r > 250 pc.
other physical quantities derived from the models like the pres-
sure (P = Tkin ×nH2 ), the optical depth of the transitions, and the
normalized CO SLED. We also considered the angular area fill-
ing factor Φ (i.e., the ratio between the observed surface bright-
ness and that predicted by RADEX). We did not fix ∆v, so the
surface brightness predicted by the models depends on ∆v and
the NCO/∆v ratio. Therefore, we cannot estimate the probability
density for Φ. Instead, we can determine the probability den-
sities for ΦNCO and Φ∆v. We can also estimate the ΦR proba-
bilities density, where R is the radius of the clouds defined as
R = 0.5 × NH2/nH2 = NCO/ZCO/nH2 , where ZCO is the CO to H2
abundance ratio. We assumed a fiducial ZCO = 10−4. Finally, we
also calculate the probability density for the velocity gradient of
the clouds, ∆v/R. We note that the latter does depend on the CO
abundance, ZCO, but not on the filling factor, Φ. The parameters
chosen to create the grid of models (i.e., Tkin, nH2 , and NCO/∆v)
are uniformly sampled in log space. However, this implies that
the values of the derived quantities are not sampled uniformly.
Therefore, we weighted the probability of the models to obtain a
uniform prior for each of these derived quantities.
We present the result of the Bayesian inference in Figure 8
and Table 4. The best-fitting SLEDs (left panels of Figure 8)
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show that the models properly reproduce the observed SLEDs,
except the CO(4–3) transition measured in the innermost outflow
annulus sectors (B130 and R130). These two outflow SLEDs
present a CO(4–3) emission excess that cannot be explained by
the adopted models. This could indicate that: the inner high-
velocity molecular gas has various phases with different kinetic
temperatures and densities; or that the CO(4–3) measurements
are contaminated by the bright nuclear CO(4–3) emission. To
investigate these options higher spatial resolution data would be
required.
In Table 4, we also include the averaged value of the outflow
parameters for regions with distances > 250 pc. This spatial av-
erage is motivated because the radial variation of the parameters
beyond rproj > 250 pc is small, as shown in Figure 9, and also be-
cause most of the high-velocity molecular emission is detected
at rproj > 250 pc (see Figure 10). The innermost annulus sector
(rproj ∼130 pc) is excluded from this average because its column
density and optical depth are higher than in the rest of the outflow
(see Table 2 and Figure 10) and the outflow conditions appear to
be different closer to the launching region.
3.6. Summary of the CO SLED parameter inference
Figure 9 summarizes the results of the non-LTE CO radiative
transfer analysis. The nuclear Tkin is higher than that of the disk
GMCs (38+119−21 vs. 15.4
+60
−6.8 K) and these two are higher than the
average outflow Tkin (8.9±1.4 K). Also, the models show that the
NCO/∆v is slightly reduced in the outflow with respect to that of
the nucleus and the disk. The H2 number density and the optical
depth are not well constrained by these data, although their prob-
ability density distributions peak around 103−3.5 cm−3 and 100−2,
respectively. The pressure is also similar within the uncertainties,
around 104.2–104.8 K cm−3, in the nucleus, disk, and outflow. Fi-
nally, the panels with the angular area filling factor Φ present the
largest differences between the gas in the outflow and in the rest
of the galaxy. The outflow ΦNCO and Φ∆v are lower than in the
disk and nucleus. The ΦR distributions suggest that the outflow
clouds are smaller than those in the nucleus and disk. Although,
if the CO abundance or the filling factor in the outflow are lower,
the clouds could have larger sizes.
In summary, the molecular gas in this outflow seems to be
colder (lower Tkin), distributed in lower column density clouds
(lower NCO/∆v) than the nucleus, where the outflow is produced,
and the disk of the galaxy. The filling factor panels in Figure 9
suggest that the outflowing clouds are either smaller, have lower
CO abundances, or lower filling factors (e.g., from the ΦR prob-
ability density). The ∆v/R ratio in the outflow indicates that
the outflowing clouds have larger velocity gradients, assuming
similar CO abundances, and, therefore, they are farther from
virial equilibrium than disk and nuclear clouds. Consequently,
the physical processes that control the heating/cooling, stability,
collapse and chemical composition of molecular clouds in the
outflow and in the disk of this object are likely to be different.
4. Evolution of the outflow molecular phase
In this section, we discuss the thermal and dynamical evolution
of the outflow based on the spatially resolved multi-transition
CO ALMA observations of the ESO 320-G030 outflow.
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Fig. 10: CO(2–1) flux of the outflow as a function of the pro-
jected distance to the nucleus measured in the annulus sector.
The red and blue points correspond to the red- and blue-shifted
sides of the outflow. The fluxes of the inner annulus sector
(rproj ∼ 130 pc) should be considered as lower limits (see Sec-
tion 3.2).
4.1. Thermal evolution
The origin of the molecular gas in the outflow is not well es-
tablished. It might condensate in the outflow (e.g., Ferrara &
Scannapieco 2016), it might be molecular gas from the galaxy
entrained and accelerated (e.g., McCourt et al. 2015), or a com-
bination of both mechanisms (e.g., Gronke & Oh 2020). To in-
vestigate its origin, we discuss its thermal evolution in this sec-
tion.
The heating and cooling of the cold gas in outflows are im-
portant processes that affect the evolution of these cold clouds
surrounded by a hot and low-density medium. According to hy-
drodynamical simulations, when the cooling of the gas is effi-
cient, the evaporation rate of the cold clouds is reduced since the
development of hydrodynamical instabilities is hindered (e.g.,
Brüggen & Scannapieco 2016; Armillotta et al. 2017). However,
we also note that the “cold” gas in most hydrodynamical models
has T ∼ 104 K and is in atomic phase, so this could be different
for the molecular clouds discussed here.
We use the results from the radiative transfer models (Sec-
tion 3.5) to determine the cooling and heating of the outflowing
molecular gas. The outflow originates at the compact starburst
in the nucleus of ESO 320-G030. The kinetic temperature of the
molecular gas in the nucleus is 38+119−21 K while the outflowing
molecular gas has a lower average temperature of 8.9±1.4 K (Ta-
ble 4). So if the outflowing molecular gas was entrained and ac-
celerated it must have cooled down in timescales shorter than the
flow time of the outflowing gas that is detected closer to the nu-
cleus, ∼1.5 Myr = 360 pc/250 km s−1/tan i, where i is the galaxy
inclination (assuming an outflow perpendicular to the disk; see
also Section 4.3). We approximate an upper limit on the cooling
time tcool < (3/2k∆T )/Λ10 K ∼ 100 kyr, assuming a conservative
cooling rate Λ10 K of 10−26.7 erg s−1 per H2 molecule for molec-
ular gas at 10 K (Neufeld et al. 1995), and a temperature varia-
tion, ∆T , of 30 K. The cooling rate at 38 K, Λ38 K, is about 10
times higher than Λ10 K, so the nuclear gas at 38 K would reach
the ∼9 K outflow temperature even in shorter timescales. There-
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fore, if the outflowing molecular gas is molecular gas accelerated
from the launch site, it should be possible for this hotter nuclear
molecular gas to cool down while it is moving away from the
nucleus.
We also find that the kinetic temperature in the outflow is rel-
atively constant (first panel of Figure 9). This suggests that the
molecular gas is at thermal equilibrium, so the heating by the
external hot medium would be similar to the cooling of the cold
molecular gas Λ. This low equilibrium temperature of ∼10 K
compared to the >104 K and ∼107 K of the ionized and X-ray
plasma phases of the outflow, respectively, suggests that the heat-
ing is not very efficient and this could enhance the survival of the
molecular gas in the outflow.
For the outflow, the kinetic temperature obtained from the
RADEX model is determined by the CO(2–1)/CO(1–0) ratio,
which is lower in the outflow than in the disk and the nucleus,
and the upper limit on the CO(4–3) outflow emission (see Ta-
ble 3 and Figure 7). A reduced CO(2–1)/CO(1–0) ratio with re-
spect to the disk is also observed in the outflows of other star-
burst galaxies (M82, Weiß et al. 2005; NGC 253, Zschaechner
et al. 2018; NGC 1808 shows a reduced CO(3–2)/CO(1–0) ratio
in the outflow Salak et al. 2018). So, these observations sup-
port that the molecular gas in starburst-driven outflows is less
excited than the gas in the disk. However, in jet-driven outflows
the behavior of the CO line ratios seems to be the opposite. For
instance, the CO(2–1)/CO(1–0) ratio is increased in the high-
velocity outflow emission of the early-type AGN NGC 1266
(Alatalo et al. 2011). Also, the radio-loud Seyfert IC 5063 has
enhanced CO(4–3)/CO(2–1) ratios in the outflow (Dasyra et al.
2016) and, similarly, the AGN-driven outflows of NGC 1068
(García-Burillo et al. 2014; Viti et al. 2014) and the southern nu-
cleus of LIRG NGC 3256 show higher CO(3–2)/CO(1–0) ratios
in the outflow than in the nuclear regions too (Michiyama et al.
2018). However, in the ULIRG quasar Mrk 231, the CO(2–1)/
CO(1–0) is similar in the broad and narrow components (Cicone
et al. 2012). Therefore, the physical conditions of the outflowing
molecular gas seem to be different in starburst- and most of the
AGN-driven outflows.
4.2. Outflowing clouds stability
We compare the estimated velocity gradient from the LVG model
(∆v/R in Figure 9 and Table 4) with the virial velocity gradient
(∆v/R)vir to study the cloud stability. We use the parameter Kvir
defined as:
Kvir =
(∆v/R)LVG
(∆v/R)vir
. (1)
Kvir ∼ 1 indicates that the cloud is virialized while Kvir > 1 indi-
cates that the gas is not bound by self-gravity. The virial velocity
gradient is (∆v/R)vir:
(∆v/R)vir ∼ 0.65α1/2
( 〈nH2〉
103 cm−3
)1/2
, (2)
where α is between 0.6 and 2.4 and depends on the cloud
density distribution (Bryant & Scoville 1996), and 〈nH2〉 is
the mean number density of the cloud (see Papadopoulos &
Seaquist 1999). For the densities favored by our models, 102.0
to 104.0 cm−3, and considering the whole range of α, (∆v/R)vir
ranges from 0.05 to 10 km s−1 pc−1.
Assuming the fiducial CO abundance ZCO of 10−4,
the (∆v/R)LVG ratio of the nucleus and the disk are
1 and 3 km s−1 pc−1, respectively. The uncertainties are
large, about ±1.4 dex, but these values are compatible with
self-gravity bound clouds (Kvir=0.1–60). For the outflow,
(∆v/R)LVG=60+250−45 km s
−1 pc−1. This corresponds to Kvir=2–
6000, so it suggests that the outflowing clouds are not gravita-
tionally bound, unless the CO abundance is at least >2 times
lower in the outflow than the assumed ZCO = 10−4. Although,
the clouds could survive if they are confined by an external pres-
sure (e.g., Field et al. 2011).
4.3. Dynamical evolution
We use the spatially resolved information on the kinematics of
the outflow to investigate the dynamical evolution of the high-
velocity molecular gas. We extracted the total CO(2–1) emission
in each of the annulus sectors defined in Section 3.2 (see also
Figures 5 and 6). We chose the CO(2–1) transition since it has
the higher signal-to-noise ratio. The high-velocity gas emission
(projected |v| > 200 km s−1) extracted in the B380 to B1130 and
R380 to R1130 annulus sectors is shown in Figure 11. We ex-
clude the inner sectors since the broad nuclear emission prevents
a clear separation between the outflow and the disk emissions.
In this section, we use deprojected values for the velocities and
distances. We assume a perpendicular to the disk outflow and a
galaxy inclination of 43◦ (see Pereira-Santaella et al. 2016).
4.3.1. Gravitational potential model
To determine the dynamical evolution of the gas at sub-kpc spa-
tial scale, we created a model of the gravitational potential. We
modeled the stellar mass distribution in the central 14′′(3.4 kpc)
using the near-IR F110W (J-band) and F160W (H-band) HST/
NICMOS images of this galaxy (Alonso-Herrero et al. 2006).
First, we deprojected the images using a 43◦ inclination. Then,
we created a light profile using 10 concentric annular apertures
centered at the nucleus with radius steps of 0′′.7 (180 pc). The in-
tegrated fluxes are 46 mJy and 75 mJy in the F110W and F160W
images, respectively. Finally, from the J −H color, we estimated
a mass-to-light ratio of 0.75 in solar units for the F160W lumi-
nosity from Bell & de Jong (2001). Applying this ratio, we find a
total stellar mass in the central 3.4 kpc of 1010.4 M which we as-
sume is distributed in uniform annuli following the F160W light
profile. The molecular gas in this area is 109.6 M, which is only
15% of the stellar mass, and its contribution is not considered for
the potential.
To account for the stellar mass at larger radii, we used
the Spitzer/IRAC 3.6 µm image. Similarly, we deprojected the
3.6 µm image and measured a flux of 85 mJy on a 28′′ (6.7 kpc)
radius aperture. This corresponds to a stellar mas of 1010.8 M
using a mass-to-light ratio of 0.47 (McGaugh & Schombert
2014). For the mass distribution model, we assume that the extra
stellar mass we measure in the IRAC 3.6 µm image with respect
to the NICMOS images, ∼1010.6 M is distributed in a uniform
annulus with inner radius of 1.7 kpc and outer radius of 6.7 kpc.
This mass distribution reproduces relatively well the ob-
served Hα rotation velocity of vdeproj ∼200 km s−1 at ∼5 kpc
(20′′) away from the nucleus (see Bellocchi et al. 2013). There-
fore, we do not include a dark matter halo potential since it is not
expected to have an important effect on the outflow dynamics for
the range of radii considered here (<2 kpc). The halo affects the
escape velocity and, therefore, the final fate of the outflowing gas
(i.e, escape to the intergalactic medium or return to the galaxy
disk).
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Fig. 11: High-velocity, |vproj| > 200 km s−1, CO(2–1) outflow emission measured in the annulus sectors presented in Figures 5 and
6. The top and bottom panels correspond to the blue- and red-shifted emissions of the outflow, respectively. The x-axis velocities
and the distance to the nucleus indicated in each panel are deprojected values assuming a perpendicular to the disk outflow and
a galaxy inclination, i, of 43◦(Pereira-Santaella et al. 2016). The dotted vertical line traces the expected velocity of a cloud in the
gravitational potential at each distance with an initial v∼ 600 km s−1 at 190 pc. The horizontal dashed line indicates the average 1σ
noise of the spectra per channel.
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Fig. 12: Fraction of the high-velocity CO(2–1) emission as a
function of the deprojected velocity for annulus sectors at var-
ious deprojected radii (see also Figure 11). We joined the data
points to guide the eye.
The final potential is the sum of potentials produced by all
these mass distributions and the gravitational acceleration its
derivate along the z-axis. We only calculate the potential and ac-
celeration along the z-axis perpendicular to the disk where we
model the outflow movement. The equations used are presented
in Appendix A.
4.3.2. Dynamics of the outflowing molecular gas
We used the gravitational potential derived before to investigate
if the observed velocities are compatible with a pure gravita-
tional evolution of the gas within this potential. While we cannot
reject the pure gravity evolution, some aspects of the observa-
tions are not straightforward explained by this model.
In particular, the vertical dotted lines in Figure 11 trace the
expected decreasing velocity of a cloud with an initial veloc-
ity of ∼600 km s−1 at 190 pc (upper limit of the velocities de-
tected at that distance). In a pure gravitational evolution sce-
nario, the gas observed to the right of the dotted line must
have had an initial velocity higher than ∼600 km s−1. However,
we do not detect this high-velocity gas close to the nucleus.
For instance, the 700 km s−1 observed at a distance of 1660 pc
(560 pc) was launched 1.6 Myr (0.6 Myr) ago with an initial ve-
locity of 925 km s−1 (850 km s−1). So a noticeable amount of
high-velocity gas (v>800 km s−1) should have been present at
190 pc between 0.6 and 1.6 Myr ago but now it is completely
absent. Also, the fraction of outflowing gas as a function of the
velocity at different distances is approximately constant up to
1660 pc (Figure 12). So to match the observed spatially resolved
outflow velocity and mass structures, a combination of short
timescale (∼0.5 Myr) varying mass outflow rates and initial out-
flow velocity distributions is needed. This outflow is launched by
the obscured nuclear starburst (15 M yr−1 and supernovae rate
0.2 yr−1) with abundant molecular gas available (depletion time
∼80 Myr; Pereira-Santaella et al. 2016), so we do not expect the
outflow launching processes (e.g., radiation from young stars,
supernovae) to change drastically in ∼0.5 Myr timescales.
Alternatively, these observations are easier to explain if the
outflowing molecular gas is being accelerated. We distinguish
two phases in this acceleration. First, the rotating gas in the nu-
clear region is accelerated until it is decoupled and leaves the
plane of the galaxy. To get a rough estimate of this launch-
ing acceleration, we use the difference in the maximum outflow
velocity at 190 pc (∼500 km s−1) and at 560 pc (∼800 km s−1).
This yields a velocity gradient of ∼0.8 km s−1 pc−1. This is
comparable to the velocity gradient of the outflowing molec-
ular gas observed in the outflow of NGC 253 (1 km s−1 pc−1),
although this value was measured on smaller spatial scales
of 100 pc (Walter et al. 2017). In M82, a velocity gradient of
32 km s−1 pc−1 is observed for the outflowing gas. But instead
of the gas being accelerated, this gradient is interpreted as the
blending of the rotation close to the disk and the double peaked
profile expected for a conical outflow morphology (Leroy et al.
2015). In ESO 320-G030, a rotational component is not observed
in the outflow region close to the disk, the outflow emission is
not broader closer to the disk as in M82, and a double peaked
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profile is not seen (Figure 11). So the geometry and dynamics of
the outflow might vary depending on the object.
A second acceleration phase of the outflow would be needed
to compensate the effect of gravitational attraction and explain
why the maximum outflow velocity does not decrease and in-
stead remains approximately constant up to 1.7 kpc (Figure 11).
This larger scale acceleration is discussed in the next Section.
4.3.3. Ram pressure acceleration and cloud destruction
Two main mechanisms, radiation pressure and ram pressure,
have been explored by models and simulations to explain the
acceleration of the gas in outflows (e.g., Murray et al. 2005). For
ESO 320-G030, at > 250 pc away from the nucleus, the effect
of the radiation pressure is negligible compared with the grav-
itational attraction based on the gravitation potential derived in
Section 4.3.1 and the IR luminosity of the galaxy (ggrav > 20grad
if LIR = 1011.3L and the average gas cross section, 〈σ〉 <
10 cm2 g−1 for Trad ∼100 K; Draine 2011), so we focus on the
ram pressure. The acceleration produced by ram pressure, gram,
is (e.g., Schneider & Robertson 2017; Zhang et al. 2017):
gram = nwind(vwind − vcold)2 1NH (3)
where vwind and nwind are the velocity and density of the hot
wind material which depend on the distance r to the nucleus,
and vcold and NH the velocity and column density of the cold
molecular clouds.
A molecular cloud in the outflow with a column density,
NH, located at a distance r from the nucleus will be affected
by two opposing accelerations: ram pressure, gram(r), and grav-
ity ggrav(r). If the density, nwind, and velocity, vwind, of the hot
medium are high enough, there is an equilibrium velocity, vcold,
of the cloud at which both accelerations cancel out. The equilib-
rium velocity decreases with increasing NH. Consequently, the
observed velocity distribution of the molecular outflowing gas at
a given radius would trace the NH distribution of the cold clouds
at that position.
Cold clouds evaporate in hot winds, reducing their column
density, and eventually completely dissipate (e.g., Scannapieco
& Brüggen 2015; Armillotta et al. 2017; Zhang et al. 2017;
Sparre et al. 2019). Simulations also show that clouds with lower
NH are easier to destroy (Brüggen & Scannapieco 2016). How-
ever, as we discussed in Section 4.1, the heating of the outflow-
ing molecular gas is not efficient and this facilitates the survival
of the cold clouds. In the case of ESO 320-G030 molecular gas
is detected up to ∼1.6 kpc. This radius is similar to the molecular
outflow radii from hundreds of pc to ∼1 kpc measured in other
star-forming galaxies (e.g., Fluetsch et al. 2019). Therefore, the
survival of cold molecular gas embedded in hot winds seems
to be limited to relatively brief timescales of few Myr given
the typical velocities of the molecular phase of 100–800 km s−1.
In Pereira-Santaella et al. (2016), we analyzed the molecular
clumps in the outflow of ESO 320-G030. Their mass decreases
at larger distances and this would be consistent with the evapo-
ration of the clumps within the hot wind.
Based on these two properties (that the observed velocity de-
pends on NH and that the dissipation of the cold clouds within
hot winds is faster at low NH), we can explain the observations
of the molecular phase of the ESO 320-G030 outflow: (1) The
constant maximum velocity of ∼700–800 km s−1 between 560
and 1660 pc would be given by the lowest NH that can efficiently
survive in the outflow at each distance; and (2) clouds would be
losing mass and decreasing their NH as they travel away from
the galaxy disk. So, the maximum distance at which molecu-
lar gas is detected would depend on the highest NH that can be
launched at the base of the outflow. As a consequence of all this,
an approximately constant outflow rate during timescales of tens
to hundred Myr, as expected from an intense starburst, would
present similar short flow times (i.e., Rmax/vcold) of few Myr.
After the destruction of the molecular clouds, it is likely that
the gas becomes atomic neutral. In ESO 320-G030, the atomic
neutral phase of the outflow has been detected through the opti-
cal NaD absorption (Cazzoli et al. 2014, 2016). In addition, there
is evidence of a warm (T ∼ 104 K) ionized phase of the outflow
traced by a broad Hα profile (Arribas et al. 2014). Understand-
ing the relation between the different outflow phases will help
to further investigate the evolution of the outflowing molecular
gas. To do so, optical/IR integral field spectroscopy observations
of the atomic ionized and neutral phases at angular resolutions
comparable to that of ALMA would be necessary.
5. Conclusions
We studied the spatially resolved excitation and accelera-
tion of the cold molecular outflow of the nearby starburst
LIRG ESO 320-G030 (d=48 Mpc, LIR/L=1011.3) using ALMA
70 pc resolution CO multi-transition (1–0, 2–1, 4–3, and 6–
5) data. ESO 320-G030 is a double-barred isolated spiral, but
its compact (250 pc) and extremely obscured nuclear starburst
(SFR∼15 M yr−1; AV ∼40 mag) as well as its very high nuclear
molecular gas surface density (ΣH2 = 10
4.4 M pc−2) resemble
those of more luminous starburst-dominated ULIRGs. We deter-
mined the physical conditions of the outflowing molecular gas
at different distances from the launching site by fitting the CO
SLEDs with non-LTE radiative transfer models. We also studied
the spatially resolved kinematics of the high-velocity molecu-
lar gas and modeled its dynamical evolution under the effects of
the gravitational potential and ram pressure due to the hot wind
environment. The main results of this work are the following:
1. The outflowing molecular gas is less excited than the molec-
ular gas in the nucleus (i.e., outflow launching site) and the
disk GMCs. The CO(1–0)/CO(2–1) ratio is enhanced in the
outflow with respect to the disk and nucleus, as already ob-
served in other starburst outflows, and the CO(4–3) transi-
tion is not detected in the outflow beyond 250 pc with a ro-
bust upper limit. This lower outflow excitation with respect
to the disk is also opposite to what has been observed in most
AGN-driven molecular outflows in the literature.
2. The non-LTE radiative transfer modeling of the CO SLEDs
shows that the molecular clouds in the outflow have lower ki-
netic temperature (∼9 K), column densities (NCO/∆v), filling
factors (e.g., Φ∆v), and smaller sizes (or lower CO abun-
dances) than the molecular clouds in the disk and the nu-
cleus. The high velocity gradient in the outflowing clouds,
(∆v/R)LVG, results in Kvir in the range 2–6000. This indi-
cates that they are not gravitationally bound, unless the CO
abundance is at least> 2 times lower in the outflow than
the assumed ZCO = 10−4. Thus, the different physical condi-
tions suggest that the heating/cooling, stability, collapse and
chemical composition of the outflowing clouds differ from
those of the clouds in the disk of the galaxy and, therefore,
outflowing clouds might not be able to form stars.
3. We estimate that the hotter molecular gas in the nucleus
(Tkin =38+119−21 ) can cool down to the outflow molecular gas
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temperature, 9 K, in ∼0.1 Myr. Therefore, these observa-
tions are compatible with the outflowing molecular gas be-
ing molecular gas from the galaxy entrained and accelerated.
However, we cannot reject that the outflowing molecular gas
condensates in the outflow based on these data.
4. The outflowing molecular gas low kinetic temperature, about
9 K, is approximately constant between radial distances of
300 and 1700 pc. This implies that the heating of the molec-
ular gas by the hot wind environment is not efficient and this
may help to increase the survival of the molecular clouds in
the outflow hot medium.
5. The spatially resolved kinematics of the molecular gas in the
outflow shows that the maximum velocity as well as the ve-
locity distribution are relatively uniform at radii between 600
and 1700 pc. Also a ∼0.8 km s−1 pc−1 velocity gradient is es-
timated between 190 pc and 560 pc. The observed velocities
could be explained just by pure gravitational evolution of the
outflow, but would require a changing combination of mass
outflow rate and initial velocity distribution of the gas.
6. Alternatively, a favored scenario is a combination of ram
pressure and inefficient cloud evaporation by the surrounding
hot outflowing gas which could explain the observed kine-
matics and extent of the molecular phase of the outflow. The
velocity distribution would be determined by: (i) the equilib-
rium velocity between ram pressure and gravity; and (ii) the
NH distribution of the outflowing clouds, with increasing ve-
locities for decreasing NH. The maximum velocity would be
given by the minimum NH that can survive in the hot wind.
The outflow size would be determined by the survival time
of the molecular clouds with the highest NH at the launching
site.
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Appendix A: Gravitational potential and
acceleration
The potential produced by a thin disk along the z-axis (i.e., r = 0)
where the outflow evolution is modeled is the following (e.g.,
Lass & Blitzer 1983):
V(z) = 2piGσ
[
|z| −
√
R2 + z2
]
, (A.1)
where G is the gravitational constant, σ = M/(piR2) is the mass
surface density of the disk, and R the radius of the disk. For a thin
annular disk, the potential is the difference between potential of
the larger disk and that of the smaller one:
V(z) =
GM
aw
[ √
(a − w/2)2 + z2 −
√
(a + w/2)2 + z2
]
, (A.2)
where M is the mass of the annular disk, w = aout − ain the width
of the ring, a = 0.5 × (aout + ain) the average radius, and ain and
aout are the inner and outer radii of the annular disk, respectively.
The acceleration produced by this potentials along the z-axis
is −dV/dz. For the disk, this corresponds to:
g(z) = −2piGσ
[
1 − z√
R2 + z2
]
, (A.3)
and for the annular disk:
g(z) = −GM
aw
 z√
(a − w/2)2 + z2
− z√
(a + w/2)2 + z2
 . (A.4)
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